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Strong electron correlation effects in the photophysics of quasi-one-dimensional pi-conjugated or-
ganic systems such as polyenes, polyacetylenes, polydiacetylenes, etc., have been extensively studied.
Far less is known on correlation effects in two-dimensional pi-conjugated systems. Here we present
theoretical and experimental evidence for moderate repulsive electron−electron interactions in a
number of finite polycyclic aromatic hydrocarbon molecules with D6h symmetry. We show that
the excited state orderings in these molecules are reversed relative to that expected within one-
electron and mean-field theories. Our results reflect similarities as well as differences in the role and
magnitude of electron correlation effects in these two-dimensional molecules compared to those in
polyenes.
 INTRODUCTION
Strong electron correlation effects remain a highly rel-
evant topic in the physics and chemistry of carbon-
based materials. Extensive experimentation has con-
firmed strong electron correlation effects in quasi-one-
dimensional (quasi-1D) carbon-based systems such as
linear pi-conjugated polymers, single-walled carbon nan-
otubes, graphene nanoribbons, etc. Historically, the
study of the excited state ordering in finite polyenes
[1–5] provided the most convincing evidence for strong
electron correlation effects in quasi-1D pi-conjugated
systems, and formed the basis of correlated-electron
theories in the long chain polyacetylenes and polydi-
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acetylenes. [6, 7] The early calculations [3–5] were within
the semiempirical Pariser−Parr−Pople (PPP) pi-electron
model Hamiltonian,[8, 9] within which eigenstates of even
polyenes with C2h point group symmetry have even and
odd spatial as well as charge-conjugation symmetries
(CCSs), and allowed one-photon (two-photon) transi-
tions from the 11A−g ground state are to
1B+u (
1A−g ) states
with opposite (same) symmetries (the superscript 1 in-
dicates singlet spin state and the “plus” and “minus”
superscripts refer to CCS). The occurrence of the lowest
two-photon state, the 21A−g , below the one-photon 1
1B+u
in polyenes [1, 2] is opposite to that expected within
the one-electron Hu¨ckel and mean-field Hartree−Fock
(HF) theories and is a consequence of strong short-
range electron−electron (e−e) interactions within the
PPP model.[3–5] Subsequent to these early model cal-
culations, considerable effort has gone into developing
more sophisticated quantum chemical correlated ab ini-
tio approaches to polyene spectra. Quantum chemical
approaches that are now able to reproduce the correct
one-photon versus two-photon state ordering for short
linear polyenes (usually up to octatetraene) include the
complete active space second order perturbation the-
ory (CASPT2) and third-order coupled cluster theory,
[10, 11] and the extended algebraic diagrammatic con-
struction (ADC(2)-x) method. [12–14] Correct excited
state ordering is also found within a density functional
theory-based multiple reference configuration interaction
(DFT-MRCI) approach. [15] CCS characteristic of the
PPP model is absent within the latter approaches; how-
ever, the violation of CCS is weak. [16] Importantly, the
quantum chemical approaches do find the double excita-
tion character of the 21Ag. Theoretical works have also
found reversed excited state ordering in long acenes from
pentacene onward, within the PPP model, [17, 18] a semi-
empirical DFT-MRCI method [19] and the ADC(2)-x ap-
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FIG. 1: PAH molecules studied in this work: (a) coronene
(C24H12) (b) hexa-peri-hexabenzocoronene, hereafter HBC
(C42H18), and (d) circumcoronene (C54H18).
proach. [20] Acenes can be considered as coupled polyene
chains and are also quasi-1D.
In contrast to the quasi-1D systems, there have been
few, if any, systematic studies of electron correlation ef-
fects in two-dimensional (2D) molecules. In this work
we take the first step toward addressing electron corre-
lation effects in 2D molecules by conducting a system-
atic study of excited states ordering in polycyclic aro-
matic hydrocarbons (PAHs). By performing meticulous
experimental and computational analyses of the one- and
two-photon excited states for the three PAH molecules
shown in Figure 1a−c, we find reversed excited state or-
dering within these 2D molecules in clear contradiction
to the description of one-electron theory. These corre-
lation effects are found to be overall weaker compared
to quasi-1D carbon-based systems, due to the larger one-
electron bandwidth in 2D. Possible extension of our study
to larger molecules can also shed light on electron corre-
lation effects in graphene as a genuine 2D carbon-based
system in the thermodynamic limit. Within the Hu¨ckel
tight-binding pi-electron theory graphene is a semimetal,
with linear energy versus momentum relationship near
the Dirac point where the filled valence and empty con-
duction bands meet. Although many experimental obser-
vations appear to be in agreement with this description,
[21, 22] the neglect of the repulsive e−e interaction be-
tween the pi-electrons is increasingly being questioned.
[23, 24]
 THEORETICAL MODEL AND METHODS
Pariser−Parr−Pople Model
Quantum chemical approaches can correctly describe
low-lying two-photon states of double excitation charac-
ter only for relatively small molecules. [10–17, 19, 20] The
two larger PAH molecules of interest here, namely, HBC
and circumcoronene, lie outside the scope of these calcu-
lations. Moreover, while we are principally interested in
the relative energies of the lowest one- and two-photon
states, we will in the following compare experimental and
calculated two-photon absorption (TPA) spectra over a
broad frequency range, which requires that we are able to
calculate the energies and wave functions of the higher
energy two-photon states. These requirements restrict
us to perform our calculations within the semiempirical
PPP Hamiltonian, [8, 9] which is written as
HPPP = −t
∑
〈ij〉σ
(c†iσcjσ + c
†
jσciσ) + U
∑
i
ni↑ni↓ +
∑
i<j
Vij(ni − 1)(nj − 1) , (1)
where c†iσ creates a pi-electron of spin σ on carbon atom i,
niσ = c
†
iσciσ is the number of electrons of spin σ on atom
i, and ni =
∑
σ niσ. The one-electron hopping integral t
is between nearest neighbor carbon atoms i and j, U is
the Hubbard repulsion between two electrons occupying
the same atomic pz orbital, and Vij is the long-range in-
tersite Coulomb interaction. We choose standard t = 2.4
eV, [4–6] and obtain Vij from the parametrization, [25]
Vij = U/κ
√
1 + 0.6117R2ij , where Rij is the distance in
A˚ between carbon atoms i and j and κ is an effective
dielectric constant. We fix carbon−carbon (C−C) bond
lengths to 1.4 A˚ and all bond angles to 120◦. The ac-
tual bond lengths and angles may deviate slightly from
these mean values, but given the aromatic nature of the
molecules, we expect these deviations and their effects
on the energies of the one- and two-photon states to be
small. This is shown explicitly for coronene (see Ap-
pendix), the only molecule for which the experimental
bond lengths are available in the literature. We choose
U = 8 eV and κ = 2 based on the excellent fits obtained
previously with these parameters for the excited states
of poly−paraphenylenevinylene, [25] polyacenes, [26] and
single-walled carbon nanotubes. [27]
The molecules in Figure 1 belong to the D6h point
group and possess inversion, reflection, 6-fold rotational,
and CC symmetries. Since D6h is not Abelian, in the fol-
lowing we adopt the Abelian D2h point group symmetry
to partition excited states into distinct one- and two-
photon classes. The ground state is in the 1A−g subspace
for all the molecules of Figure 1a−c. Dipole selection
rules dictate that one-photon (linear) absorption (TPA)
occur only to 1B+2u and
1B+3u (
1A−g and
1B−1g) states with
spatial and CC symmetries opposite to (the same as) that
of the ground state. In addition PAHs also have 1B−2u
and 1B−3u states forbidden in both one- and two-photon
processes. [26, 27]
3Multiple-Reference Configuration Interaction
Approach
Our calculations were done using the multiple reference
singles and doubles configuration interaction (MRSDCI)
[5]. The MRSDCI retains the dominant single, double,
triple, and quadruple excitations for each targeted state
[5], with the number of configurations systematically in-
creased until numerical convergence is reached. While
excitonic effects due to the correlation between a sin-
gle electron−hole pair in optically allowed states have
been treated very successfully for graphene [28] and other
carbon nanostructures [29–31] within the GW-Bethe
Salpeter technique, application of this first-principles ap-
proach to investigate the lowest two-photon eigenstates
has not yet been possible. For example, the lowest two-
photon states that occur below the optical gap in trans-
polyacetylene [6] is missed within the GW-Bethe Salpeter
approach, [32] even though the latter gives accurate de-
scription of the optical exciton. Thus, the inclusion of
CI with multiple electron−hole excitations is a necessary
requirement for obtaining two-photon states below the
lowest one-photon optical state. [1, 3–6, 10–17, 19, 20]
The semiempirical approach taken by us cannot be easily
extended to the thermodynamic limit (except in one di-
mension, where the density matrix renormalization group
approach can be used [7, 33, 34]), but this disadvantage
is offset by the ability to include high order correlation
effects, involving triply and quadruply excited configura-
tions with respect to the restricted Hartree−Fock (RHF)
reference state. Next, we describe the procedure involved
in performing various levels of CI calculations presented
in this work.
The initial step of our CI studies involves determi-
nation of the self-consistent RHF solutions of the PPP
Hamiltonian (see eq 1). The basis functions of the many-
body calculations are configurations with all possible
electron occupancies of the HF molecular orbitals (MOs).
A full CI calculation involves construction of the Hamil-
tonian matrix with all possible excitations from the HF
ground state, and this is the procedure we have followed
in the text for octatetraene and decapentaene. For select
few cases, quadruple-CI (QCI), which incorporates all ex-
citations up to quadruples from the HF ground state, is
also possible. With a large number of electrons, as in the
present case, one then encounters the following problem.
On one hand, straightforward high-order CI such as the
QCI is beyond today’s computational capability. On the
other hand, lower order CI such as double-CI does not
give the correct excited state ordering for large molecules.
It is precisely for such large systems that the MRSDCI is
used. [35, 36] We have previously performed calculations
as large as the ones reported here for quasi-1D molecules
and oligomers. [37–43]
The MRSDCI is performed in two steps. At the first
step, a few (Nref ) singly and doubly excited reference
configurations that best describe the excited states in the
targeted symmetry subspace are selected on the basis of
a trial double-CI calculation. The second step involves
the MRSDCI calculation, in which the Hamiltonian ma-
trix consists of single and double excitations with respect
to the original Nref configurations themselves. The total
number of configurations Ntotal therefore includes also
the subset of the dominant triple and quadruple exci-
tations. The new set of Ntotal configurations are now
examined, single and double excitations from the HF
ground states that contribute significantly to the eigen-
states within the targeted symmetry subspace are identi-
fied, and these are included to augment the new reference
space, following which the MRSDCI is performed again.
This iterative approach is continued, with updating of
Nref and Ntotal at every step, until convergence to some
tolerance determined by the size of the system is reached.
In Table I we have given the final Nref and Ntotal
reached in our MRSDCI calculations for all four D2h
subspaces relevant for the calculations of nonlinear ab-
sorptions in coronene, HBC and circumcoronene (for the
1Ag subspace of coronene the calculation was done using
QCI). To the best of our knowledge, these are the largest
CI calculations performed to date for the excited states
of these molecules.
Calculation of the Two-Photon Absorption
Spectrum
The TPA is calculated from the imaginary compo-
nent of the third-order nonlinear optical susceptibility
χ(3)(ω, ω, ω,−ω), the resonant contribution χ(3)(TPA)
of which is given by the sum-overstate expression, [44]
χ
(3)
ijkl(TPA) =
N
6~3
(∑
mnp
′[
µignµ
l
nmµ
k
mpµ
j
pg +
µignµ
l
nmµ
j
mpµ
k
pg + µ
l
gnµ
i
nmµ
k
mpµ
j
pg + µ
l
gnµ
i
nmµ
j
mpµ
k
pg
]×
1
(ωng − ω)(ωmg − 2ω − iδ)(ωpg − ω) −
∑
np
[
µignµ
j
ngµ
l
gpµ
k
pg
+µignµ
k
ngµ
l
gpµ
j
pg + µ
l
gnµ
k
ngµ
i
gpµ
j
pg + µ
l
gnµ
j
ngµ
i
gpµ
k
pg
]×
1
(ωng − ω)(ωpg − ω)(ωpg − ω)
)
, (2)
where N is the number of molecules, g is the ground
state, n and p are virtual one-photon states, andm is two-
photon states. δ is the line width of the spectrum when
ω ≈ ωmg/2 and was set to 0.03 eV in all our χ(3)(TPA)
calculations for various PAH molecules in this work. Here
µign is the ith component of the matrix element of the
transition dipole operator between states g and n. Other
components of the transition dipole matrix elements are
defined similarly, and the prime over the first summa-
tion indicates m 6= g. With D2h symmetry, TPAs are to
1A−g and
1B−1g states, which are nondegenerate when the
Coulomb interactions are nonzero. The matrix element
4symmetry coronene HBC circumcoronene
Nref Ntotal Nref Ntotal Nref Ntotal
1B2u: 215 1082466 102 2227463 77 3645309
1B3u: 202 972754 88 1719854 70 3133234
1Ag: 1
b 2045687 184 3371103 100 3864837
1B1g: 268 1162244 168 3167504 148 3745386
TABLE I: Number of Final Reference Configurations, Nref , and the Dimension of the Hamiltonian Matrix, Ntotal, for the
PAH Molecules of Figure 1a−c for the D2h Symmetry Subspaces Relevant to Linear and Nonlinear Opticsa
aThe final MRSDCI wavefunctions contained basis functions with coefficients as small as 0.04, 0.04 and 0.06 for coronene, HBC
and circumcoronene, respectively. bQCI
of the x-component of the transition dipole operator is
nonzero only between the 1A−g and the
1B+3u states. As
a consequence, two-photon resonances in the 1111, 2222,
1221, and 2112 components of χ(3)(TPA) in eq 2 are all
to 1A−g states only. Similarly, the matrix element of the
y-component of the transition dipole operator is nonzero
between 1B+3u and
1B−1g states only. Hence, two-photon
resonances in the 1212, 2121, 1122, and 2211 compo-
nents of χ(3)(TPA) are all to 1B−1g states. In eq 2 above,
the intermediate one-photon virtual state of 1B+1u and
two-photon states of 1B−2g, and
1B−3g do not contribute
because they all involve matrix elements of the z com-
ponent (out of plane) of the dipole operator; due to the
planar structure of PAH molecules studied in this work,
these dipole transition matrix elements are vanishingly
small. The experimental solution-phase PA spectrum is
compared against the orientational average of the gas-
phase TPA susceptibilities [45],
χ(3)avg(TPA) =
1
5
[∑
i
χ
(3)
iiii(TPA) +
1
3
(∑
i 6=j
(
χ
(3)
iijj(TPA)
+χ
(3)
ijij(TPA) + χ
(3)
ijji(TPA)
)]
. (3)
 RESULTS: THEORY VERSUS EXPERIMENT
Hu¨ckel Calculations. Before presenting the results of
the correlated-electron calculations, we discuss the re-
sults of calculations based on the Hu¨ckel model which is
the U = Vij = 0 limit of the PPP model. The goal here
is to demonstrate that the Hu¨ckel model fails qualita-
tively to give the excited state ordering that is observed
experimentally (see below). In Figure 2a−c we show the
frontier MOs for coronene, HBC and circumcoronene, re-
spectively, where we have indicated the highest occupied
and lowest unoccupied MOs (HOMO and LUMO) and
the lowest one and two-photon allowed one electron-one
hole (1e−1h) transitions (1e−1h two-photon transitions
that originate from MOs below the HOMO and are re-
lated to the ones shown in the figure by CCS are not
shown). Note that all energies are in units of |t| and
dimensionless here. Two electron-two hole (2e−2h) two-
photon states lie outside the region of experimental inter-
est and are hence not shown. Optically bright and dark
states of Bu symmetry are degenerate in the Hu¨ckel limit.
The two-photon 1A−g and
1B−1g states are also degenerate.
The hopping integral t determines all orbital energies
and energy gaps within the Hu¨ckel model. It is thus
possible to fit the allowed optical gap for each molecule
by choosing an appropriate t, although this may need
slightly different t values for different molecules. Fur-
thermore, in the absence of correlation contribution to
the optical gap, it is only natural that the absolute value
of |t| needed to fit the optical gap within the Hu¨ckel
model will be larger than in the PPP model. Fitting
the peak energy 4.1 eV of the strong optical absorption
in coronene within the Hu¨ckel theory requires t = 3.8
eV. The calculated linear absorption spectrum with the
larger |t| is shown in Figure 2d. Figure 2d shows our
plot of Im[χ
(3)
avg(TPA)] (see eq 3) for coronene, which
was evaluated using the exact Hu¨ckel wave functions and
the sum-overstates procedure of eq 2. The lowest two-
photon state in Figure 2d is 1.75 eV above the optical
one-photon state in coronene. In discussions of excited
state ordering, the focus is usually on energetics alone.
We emphasize that the density of two-photon states and
the intensities of the TPAs also reveal correlation effects,
[46, 47] and note that in Figure 2d the TPA is most in-
tense at the lowest energy.
Figure 2e shows the Hu¨ckel plots of linear absorption
and TPA in HBC, again with the calculated one-photon
gap matching the experimental gap. The required t is
now 3.6 eV, and the lowest two-photon state is 0.55 eV
above the one-photon state. We chose the same t = 3.8
eV in our calculations for circumcoronene as in coronene
(Hu¨ckel calculation of circumcoronene with this t repro-
duces the optical gap obtained with PPP-MRSDCI and
t = 2.4 eV, as given in Table II below). The calculated
Hu¨ckel linear and TPA spectra for circumcoronene are
shown in Figure 2f. Once again, the lowest two-photon
state is considerably higher than the one-photon state,
and as in coronene the higher energy two-photon state
has a weaker intensity than the lower one. The similari-
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FIG. 2: Frontier MOs of (a) coronene, (b) HBC, and (c) circumcoronene, with the lowest one-photon and two-photon allowed
1e−1h excitations indicated by arrows in the noninteracting Hu¨ckel limit. Panels (d)−(f) present the calculated linear and TPA
spectra corresponding to molecules of panels (a)−(c), respectively. Two-photon transitions shown are at twice the fundamental
frequencies, for comparison to the one-photon transitions. The tij used in the calculations are 3.8 eV for both coronene and
circumcoronene and 3.6 eV for HBC. These values were arrived at by fitting the peak energies of the strong optical absorptions
in the experimental linear spectra of coronene and HBC, and the calculated many-body optical gap in circumcoronene against
the Hu¨ckel theory (see text). δ in eq 2 is 0.03 eV for all the TPA spectra of panels (d)−(f).
ties between the spectra of coronene and circumcoronene,
and their differences with the spectra of HBC (smaller
energy difference between lowest two-photon and one-
photon states, much larger energy difference between the
two-photon states) arise from the different characters of
the edges, namely, zigzag versus armchair. [50]
To summarize, the energy gaps to the lowest one-
photon optically allowed states, observed experimentally,
can always be reproduced within the Hu¨ckel model by
choosing an appropriate one-electron hopping integral t
(usually larger than realistic). However, as seen in the
“TPA Measurement” subsection below, the same proce-
dure, when extended to two-photon states, not only fails
to give correct fits to experimentally observed energies of
two-photon states, but actually predicts incorrect excited
state ordering.
Experimental Linear Absorption versus PPP-
MRSDCI Calculations. The linear absorption mea-
surements were performed with a UV/visible spectropho-
tometer (Varian Inc.) in dilute (∼0.1 mM) solutions
of Coronene and HBC in dichloroethane. The coronene
sample was obtained from Sigma-Aldrich Chemical Co.
and HBC was prepared using the method outlined in
ref 51. We observed that the main features of absorp-
tion spectra do not change for concentrations between
0.01 and 1 mM, indicating that aggregation effects, if
any, are minimal. Figure 3a,b present the experimental
solution phase linear absorption spectra of coronene and
HBC, superimposed on our calculated PPP-MRSDCI ab-
sorption spectra. All calculated PPP spectra, here and in
the following, are with uniform t = 2.4 eV. We find excel-
lent match between the strong experimental absorption
band and the calculated absorption band corresponding
to transitions to the degenerate 11B+2u and 1
1B+3u states
in both coronene and HBC. The weak splitting in the
strong experimental absorption band, seen in both cases,
confirms the existence of two underlying transitions that
have lost their perfect degeneracy in the real systems.
The much weaker absorptions (at ∼ 3.55 eV in coronene
and ∼ 3.2 eV in HBC), missing in the calculated absorp-
tion spectra, are to the “forbidden” 11B−2u and 1
1B−3u
states. Loss of degeneracy of the allowed transitions,
and nonzero oscillator strengths of the “forbidden” tran-
sitions can be due to the couplings of electrons with vi-
bronic modes as well as weak second neighbor electron
hopping that are absent in our Hamiltonian. Neither of
these interactions affect the relative ordering of the one-
and two-photon states.
TPA Measurement. We conducted experimental mea-
surements of TPA in . 1 mM solutions of coronene and
HBC using dichloroethane as a solvent. High-intensity,
100 fs laser pulses with photon energies between 1.5−3
eV were obtained from titanium-sapphire pumped opti-
cal parametric amplifier (OPA) and used to measure the
TPAs to states at energies 3.0−6.0 eV. The coronene and
HBC solutions in 1 mm UV-quartz cuvettes were used for
open-aperture “z-scan” measurement that allows extrac-
tion of TPA coefficient. [52] We employed a modified
differential z-scan approach similar to the one discussed
in ref 53 to enhance the sensitivity of our TPA measure-
6molecule S2 (eV) 2
1A−g (eV) T1 (eV) ξ1e−1h
octatetraene 4.50 (4.40b) 3.42 (3.59b) 1.65 (1.73c) 0.33
decapentaene 4.13 (4.02b) 3.06 (3.10b) 1.52 0.30
coronene 4.14 3.96 2.38 ([2.37− 2.40]d) 0.63
HBC 3.37 3.30 2.07 0.71
circumcoronene 2.67 2.75 1.50 0.60
TABLE II: The Calculated Energies of the One-Photon Optical State S2, the Lowest Two-Photon State 2
1A−g , and the Lowest
Triplet State T1 for Linear Polyenes and the Polycyclic Molecules of Fig. 1
a
aThe numbers in parentheses are experimental quantities. The last column gives the fractional contribution by 1e−1h
HF excitations to the 21A−g .
bTable II, ref 1.cReference 48. dReference 49.
ments. The z-scan measurements with the solvent alone
were used as the “control” for the data reported here.
In Figure 3c we show the experimental TPA spectrum
of coronene, where we have included the linear absorp-
tion for comparison. The TPA spectrum of Figure 3c is
different from the Hu¨ckel TPA spectrum for coronene in
Figure 2d in three distinct ways: (i) resonances to two-
photon states below the allowed one-photon states are ob-
served, (ii) the experimental spectrum shows many more
structures, and (iii) the intensities of the TPAs are higher
at higher energy. The TPA spectrum of HBC, shown in
Figure 3d is very similar to that of coronene, with once
again nonzero TPA below the strong one-photon allowed
linear absorption. The strengths of the TPAs, both below
the optical gap and at higher energies, are significantly
higher for HBC with larger molecular size. A similar
increase in the intensities of the TPAs for small chain
lengths is also observed in polyenes. [47] We again note
the apparent high density of two-photon states in the
energy region 4.0−5.0 eV, in contradiction to the predic-
tion of the Hu¨ckel theory (see Figure 2e). The energy-
dependence of the intensities for the TPAs in HBC is also
similar to that in coronene.
PPP-MRSDCI Calculations of TPA. Figure 3e,f
presents the calculated TPA spectra (eq 3). Dipole ma-
trix elements were evaluated using the PPP-MRSDCI
many-body wave functions. The calculated linear spec-
tra have been included in the figures for comparison. The
χ
(3)
avg(TPA) spectrum has resonances to both 1A−g and
1B−1g states (see arrows in Figure 3e,f).
In agreement with experiments, the calculated low-
est two-photon state, the 21A−g , occurs below the op-
tical 11B+2u and 1
1B+3u states in coronene (by 0.18 eV) as
well as in HBC (by 0.08 eV). Comparing Figure 3d,f we
find excellent matches between the energy locations of
the experimental and calculated two-photon resonances
in HBC. The fit is less impressive for coronene. The high
densities of two-photon states observed in both coronene
and HBC agree with the occurrence of many close lying
1A−g and
1B−1g states in the same energy range within the
PPP model. The calculations also reproduce the inten-
sity profile of the experimental TPAs, with the intensity
at higher energies larger than that at lower energies.
The calculated lowest two-photon state is slightly
above the lowest one-photon state in circumcoronene
(see Table II below), with, however, an energy separa-
tion (0.08 eV) much smaller than expected within one-
electron theory. The almost “normal” excited state or-
dering in circumcoronene is likely due to a weak break-
down of the MRSDCI approximation, which becomes less
appropriate with increasing size.[16] With 54 C-atoms,
circumcoronene is more than twice the size of coronene
and is near the memory limit of MRSDCI, viz., 60 atoms.
 DISCUSSION AND CONCLUSIONS
Correlation effects in 2D, though substantial, are
weaker than in linear chains. Table II summarizes the cal-
culated PPP energies of the lowest one- and two-photon
spin singlet states, the lowest triplet state (hereafter
T1), and the wave function characteristics of the low-
est two-photon state for 1,3,5,7-octatetraene, 1,3,5,7,9-
decapentaene, and the three molecules we have investi-
gated here. The polyene full CI calculations were done
with hopping integrals t = 2.6 and 2.2 eV for the dou-
ble and single bonds, respectively.[25] We have also in-
cluded in Table II all experimental energy values that
were available to us from literature. We note the excel-
lent agreements between all theoretical and experimental
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FIG. 3: (a) Experimental (red) and calculated (black) optical absorption spectra of coronene; calculations are within the PPP
model. The weak absorption at ∼ 3.5 eV, missed in the calculation, is to a state that is optically dark within the purely
electronic PPP Hamiltonian with nearest-neighbor electron hopping. (b) Same as in (a) for HBC. The lowest energy weak
absorption is again to a dark state. (c) Experimental linear (red) and TPA (blue) spectra of coronene. The gray curve gives
the TPA due to the solvent. Notice the significant TPA of coronene below the linear absorption edge. (d) Same as (c) for
HBC. (e) Calculated linear absorption (red) and average TPA Im[χ
(3)
avg(TPA)] (blue) for coronene. Two-photon resonances are
to both 1Ag and
1B1g states (arrows) which are nondegenerate within the PPP model. (f) Same as in (e), for HBC. δ in eq 2
is 0.03 eV for the TPA spectra of panels (e) and (f).
energies for the two polyenes. Equally remarkable agree-
ment is found between the calculated and experimental
triplet energies of coronene. The 21A−g in the polyenes
is known to be a quantum-entangled “two-triplet” state
[4, 5] whose energy is nearly twice that of T1. By con-
trast, 21A−g in the PAH molecules in all cases is less
than twice the energy of their T1. The low energy of
the 21A−g in polyenes, relative to the 1
1B+u , is best un-
derstood within valence bond (VB) theory. [4, 5] For
strong Hubbard U , the ground state within VB theory is
predominantly covalent, i.e., its wave function is dom-
inated by VB diagrams in which all carbon atom pz-
orbitals are singly occupied. Optical absorption within
tight-binding Hamiltonians necessarily requires charge-
transfer between carbon atoms,[4, 5] which then implies
that the 11B+u is dominated by ionic VB diagrams with
at least one pair of C+C− ion pair. Two-photon states
are reached by a second charge-transfer excitation from
8a virtual ionic state, which can create yet another C+C−
ion pair, or annihilate the original ion pair, creating an
excited state that is also covalent, but orthogonal to the
ground state. [4, 5] For nonzero Hubbard U , the low-
est ionic states are necessarily higher in energy than the
lowest covalent states. There is a one-to-one correspon-
dence between this qualitative VB picture and the CI
approach within the MO basis, in that the 11B+u , ob-
tained by a single charge-transfer from the ground state
in configuration space, is an 1e−1h excitation, while the
21A−g has strong contributions from 2e−2h excitations.
[1, 3–6, 10–17, 19, 20]. Since 1e−1h excitations, however,
dominate the 21A−g wave function in the 2D compounds,
especially in HBC, the analogy with the above VB quali-
tative picture suggests that the 21A−g in the PAH is pre-
sumably more ionic than in 1D. While investigation of
the ionicity of excited states of such large molecules is
a formidable problem, we note that within VB theory
large covalent character (small ionicity) of the 21A−g nec-
essarily requires large covalent character of the ground
state, which can be investigated even for large molecules
within the PPP model using a variety of approximate
methods such as quantum Monte Carlo. We intend to
investigate the relative covalent characters of polyenes
and the present PAH molecules in the future using one
such approximate method, the Path Integral Renormal-
ization Group, used previously by one of us in a different
context. [54]
To conclude, we have implemented very high level
correlated-electron calculations for the one- and two-
photon energy states and absorption spectra of three
PAH molecules: coronene, HBC and circumcoronene,
all possessing D6h point group symmetry. For coronene
and HBC we have also performed precise one- and two-
photon optical absorption experiments. The calculated
one-photon energies of the 11B+2u and 1
1B+3u give excel-
lent fits to the experimental transition energies of these
states in both coronene and HBC. For the first time,
two-photon states below the lowest optically allowed one-
photon state are demonstrated in 2D PAHs, in com-
plete contradiction to the predictions of the one-electron
Hu¨ckel model. Theoretical determination of subgap two-
photon states can be achieved only by taking into account
electron correlation effects that are an order higher than
the 1e−1h excitonic interactions.[1, 3–6, 10–17, 19, 20].
Our theoretical and experimental works, taken together,
indicate that while the consequences of e−e interactions
in the PAHs are weaker than in polyenes, these effects
are nevertheless significant. In particular, correlation ef-
fects in PAHs appear to be stronger than in the phenyl
group-containing pi-conjugated quasi-1D polymers poly-
(paraphenylene) and poly-(paraphenylenevinylene), in
which the 21A−g occurs above the 1
1B+u state. [55]
In the future we are planning to perform similar the-
oretical as well as experimental investigations of PAH
molecules larger than the ones considered here. Such
analyses can potentially open up an effective means to de-
termine the effective short-range Hubbard U in graphene,
(b)
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FIG. 4: (a) Coronene molecule with uniform bond lengths of
1.4 A˚ assigned to all C−C bonds. (b) Actual bond lengths of
coronene, from ref 56. Note thatD6h symmetry is maintained.
(c) Ground state linear absorption corresponding to (a) and
(b), performed using the single-CI approximation.
which as we pointed out in the Introduction, remains con-
troversial.
 APPENDIX
Consequences of Deviations from Idealized
Geometry: The Case of Coronene
In our theoretical analyses of e−e correlation effects,
we have used idealized geometries with uniform C−C
bond lengths of 1.4 A˚ and hopping integrals t = 2.4 eV.
In reality, the C−C bonds deviate from this idealized
length, and these deviations can in principle influence
our overall results. Deviations from the idealized geom-
etry are, however, expected to be small for the aromatic
molecules in question. The experimental bond lengths
are available only for coronene. Here we demonstrate ex-
plicitly for this case that the expected changes in energies
due to geometry modifications are negligible, and in no
way affects our main conclusion.
In Figure 4a,b we have shown the coronene molecule
with its idealized uniform bond lengths, and with the ac-
tual bond lengths, [56] respectively. We calculated all
hopping integrals from the known bond length−hopping
integral relationship, tC−C = −2.4 + 3.20(RC−C − 1.4),
9[57] where RC−C is the C−C bond length in A˚. The cal-
culated hopping integrals in descending order are 2.57,
2.35, 2.32, and 2.29 eV, respectively. The Vij were calcu-
lated as defined in eq 1 within the text. Figure 4c shows
the ground state linear absorption within the single-CI
for the geometries of Figure 4a,b. Deviation from equal
bond lengths blue shifts the main absorption band very
weakly (the energy of the optical state is slightly smaller
than what is obtained within the MRSDCI, but this is of
no concern here).
As mentioned above, experimental bond lengths are
currently not available for HBC. Based on our results for
coronene, we believe, however, that it is safe to assume
that any deviations in energies due to weak distortions
from idealized geometries will not affect our overall qual-
itative conclusion about the reversed excited state order-
ing, which cannot be obtained without explicit inclusion
of strong e−e interactions, and which is the core theme
of our work.
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